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ABSTRACT
Exoplanet interior modelling usually makes the assumption that the elemental abun-
dances of a planet are identical to those of its host star. Host stellar abundances are
good proxies of planetary abundances, but only for refractory elements. This is par-
ticularly true for terrestrial planets, as evidenced by the relative differences in bulk
chemical composition between the Sun and the Earth and other inner solar system
bodies. The elemental abundances of a planet host star must therefore be devolatilised
in order to correctly represent the bulk chemical composition of its terrestrial planets.
Furthermore, nickel and light elements make an important contribution alongside iron
to the core of terrestrial planets. We therefore adopt an extended chemical network
of the core, constrained by an Fe/Ni ratio of 18 ± 4 (by number). By applying these
constraints to the Sun, our modelling reproduces the composition of the mantle and
core, as well as the core mass fraction of the Earth. We also apply our modelling to
four exoplanet host stars with precisely measured elemental abundances: Kepler-10,
Kepler-20, Kepler-21 and Kepler-100. If these stars would also host terrestrial planets
in their habitable zone, we find that such planets orbiting Kepler-21 would be the most
Earth-like, while those orbiting Kepler-10 would be the least. To assess the similarity
of a rocky exoplanet to the Earth in terms of interior composition and structure, high-
precision host stellar abundances are critical. Our modelling implies that abundance
uncertainties should be better than ∼ 0.04 dex for such an assessment to be made.
Key words: planets and satellites: composition – planets and satellites: interiors –
planets and satellites: terrestrial planets – stars: abundances
1 INTRODUCTION
We are at the cusp of the golden era of discovery and char-
acterization of exoplanets. To date, more than 3700 exo-
planets have been confirmed1 , via a wide range of observa-
tional techniques including transit photometry, radial veloc-
ity measurement, imaging, and microlensing (Winn & Fab-
rycky 2015). Continued improvements in observational and
modeling techniques have led to more precise inference of
planetary mass and radius (Weiss et al. 2016; Stassun et al.
2017b,a). High-precision and homogeneous analyses of host
∗E-mail: haiyang.wang@anu.edu.au
1 NASA Exoplanet Archive, https://exoplanetarchive.ipac.
caltech.edu, which is operated by the California Institute of
Technology, under contract with the National Aeronautics and
Space Administration (NASA) 2under the Exoplanet Exploration
Program.
stellar abundances are also increasingly available (e.g. Nis-
sen & Schuster 2010; Adibekyan et al. 2012; da Silva et al.
2015; Adibekyan et al. 2015; Brewer & Fischer 2016; Spina
et al. 2016; Delgado Mena et al. 2017; Kos et al. 2018). At
the same time, our knowledge of our own planet Earth and
the Solar System has been enormously expanded with the
efforts from the broad communities in geosciences, cosmo-
chemistry, planet formation and star formation (e.g. Ireland
& Fegley 2000; McDonough 2014; Wang & Lineweaver 2016;
Brasser et al. 2016a,b; Kwok 2016; Norris & Wood 2017;
Wang et al. 2018b). Together these have opened the door
for detailed studies of chemical composition, interior struc-
ture and habitability of rocky exoplanets.
Previous studies concerned with exoplanet interiors
have generally assumed differentiated structures and molec-
ular compositions to compute mass-radius relations (e.g. Va-
lencia et al. 2007; Seager et al. 2007; Zeng & Sasselov 2013;
© 2018 The Authors
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Howard et al. 2013; Dressing et al. 2015). It has been con-
cluded that with only mass and radius measurements an ex-
act interior composition cannot be inferred for an exoplanet
because the problem is highly underconstrained or degener-
ate (Rogers & Seager 2010). With the increasing availability
of elemental abundances of planet host stars, recent stud-
ies (Dorn et al. 2015; Santos et al. 2015) have discussed the
reduction of degeneracies in constraining the interior compo-
sition and structure of rocky exoplanets by adding host stel-
lar abundances as another principal constraint. Since then,
an increasing number of updated models (with the similar
principal constraints) have been proposed (e.g. Unterborn &
Panero 2016; Dorn et al. 2017a,b; Brugger et al. 2017; Unter-
born et al. 2018), to improve the modelling of exoplanetary
interiors.
However, a major cause of modelling inaccuracy inher-
ent in the prevalent exoplanetary interior models (e.g. Santos
et al. 2015; Dorn et al. 2017a; Brugger et al. 2017; Unterborn
et al. 2018; Hinkel & Unterborn 2018) is that the elemental
abundances of a rocky exoplanet are simplified to be identi-
cal to the elemental abundances of its host star. Host stel-
lar abundances are good proxies of planetary abundances,
but only for refractory elements2. This is particularly true
for terrestrial planets, as evidenced by the relative differ-
ences in the bulk composition between the Sun, Earth and
other inner solar system bodies (Davis 2006; Carlson et al.
2014). This led Dorn et al. (2017b) to conclude that fur-
ther studies of solar system bodies are needed to improve
our understanding of the correlation of relative bulk abun-
dances between planets and host star and of the effect of
such abundance correlations on exploring exoplanet interi-
ors. Wang et al. (2018a) has quantified the devolatilisation
(i.e. depletion of volatiles) in going from the solar nebula
to the Earth. The elemental abundance differences between
the Earth and the Sun for Si, Mg, Fe and Ni are slight, but
significant (a devolatilisation factor of 10-20%); those for O,
S, and C are substantial and devolatilised by up to 3 orders
of magnitude. The former differences, in combination with
the substantially devolatilised O, will have a direct and non-
trivial effect on the mantle and core composition; the latter
differences will have profound impact on the atmospheric
composition, including importantly the abundance of sur-
face water, and therefore habitability in general.
An additional source of modelling inaccuracy in the
prevalent studies of exoplanetary interiors is that elements
lighter than Fe and Ni are rarely taken into account in the
core composition. Light elements play a key role in compen-
sating the 5-10% density deficit of Earth’s core (Birch 1964;
Hirose et al. 2013; McDonough 2014; Wang et al. 2018b)
(compared to pure iron at core pressures) and in differ-
entiating the liquid outer core from the solid inner core.
The importance of light elements in a terrestrial exoplanet’s
core cannot be ignored, and their presence has direct conse-
quences for estimates of core mass fraction and the melting
temperature of an outer core (if it exists), and therefore the
generation of exoplanetary magnetic fields.
With the goal of reducing the uncertainty in the es-
2 Elements with relatively high equilibrium condensa-
tion temperatures (& 1360 K) and they are resistant to
heat/irradiation/impact.
timates of interior composition and structure of terrestrial
exoplanets, we present several important constraints and our
analytical method in Sect. 2. Our modelling results are re-
ported in Sect. 3, followed by the discussion in Sect. 4. We
conclude in Sect. 5.
2 CONSTRAINTS AND ANALYSIS
2.1 Bulk elemental composition of a terrestrial
planet
As mentioned earlier, elemental abundances between a ter-
restrial planet and its host star are not identical, especially
for non-refractory or volatile elements. We argue that the
elemental abundances of the host star of a terrestrial planet
should be devolatilised in order to infer the planetary bulk
composition. Wang et al. (2018a) has established a devolatil-
isation fiducial model (see Figure 1) by quantifying the com-
positional differences between the proto-Sun and the bulk
Earth as a function of elemental condensation temperatures.
This work is built upon the premise that devolatilisation in
a nebula may be universal and the Sun-to-Earth volatility
trend (devolatilisation pattern) of Wang et al. (2018a) is ap-
plicable to infer the bulk composition of terrestrial exoplan-
ets, particularly those within circumstellar habitable zones.
Some caveats and limitations of this assumption are dis-
cussed in the following paragraph (see Section 4.3 for more
details).
A variety of outcomes for the bulk composition of a
rocky planet may result from composition-, location-, and
timescale-dependent differences in various (and sometimes
contrary) fractionation processes, such as incomplete con-
densation (e.g. Wasson & Chou 1974; Grossman & Larimer
1974), partial evaporation (e.g. Anders 1964; Alexander
et al. 2001; Braukmu¨ller et al. 2018), accretionary collision
(e.g. O’Neill & Palme 2008; Visscher & Fegley 2013; Hin
et al. 2017), and giant impact in conjunction with mag-
matic solidification (e.g. Chen et al. 2013; Norris & Wood
2017; Dhaliwal et al. 2018). The compositional differences
of Earth, Mars and Venus should be a measure of these
variations within our own Solar System, but the extent to
which the bulk compositions of Venus and Mars are differ-
ent from the Earth is still debated in both the geochemi-
cal/cosmochemical community (e.g. Morgan & Anders 1980;
Wanke & Dreibus 1988; Taylor 2013; Wang et al. 2018b)
and the planet formation community (e.g. Kaib & Cowan
2015; Fitoussi et al. 2016; Brasser et al. 2017, 2018). We
also note that the bulk compositions of Venus and Mars are
not well determined yet and thus reliable quantitative anal-
ysis of bulk compositional differences between them and the
Earth is difficult. We have been conservative to preclude the
application of this algorithm to Mercury-orbit-like planets
(e.g. warm super-Earths), as such planets may be more de-
volatilised than predicted due to plausibly more intensive
stellar irradiation and bombardment histories. In spite of
the complexity of planet formation, an essential step to im-
prove the study of exoplanetary chemistry is to take into
account devolatilization, with the best constrainable trend
from the Sun to the Earth.
In Figure 1, we plot 10 major elements (C, S, O, Na,
Si, Fe, Mg, Ni, Ca, and Al) that are essential for estimating
MNRAS 000, 1–14 (2018)
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Table 1. Predicted bulk elemental composition [X/Al]a of potential habitable-zone terrestrial exoplanets as devolatilised from their host
stellar abundancesb .
Xc FD (%)
d FD (dex)
d Kepler 10 (L16) Kepler 10 (S15)e Kepler 20 Kepler 21 f Kepler 100
C 99.6 ± 0.1 2.42 ± 0.09 -2.42 ± 0.09 −2.29 ± 0.10 -2.48 ± 0.10 -2.38 ± 0.10 -2.47 ± 0.12
S 93.4 ± 0.6 1.18 ± 0.04 -1.20 ± 0.04 – – -1.25 ± 0.06 -1.23 ± 0.07
O 82 ± 1 0.74 ± 0.02 -0.67 ± 0.03 −0.39 ± 0.08 -0.86 ± 0.08 -0.73 ± 0.07 -0.71 ± 0.10
Na 75 ± 1 0.60 ± 0.02 -0.72 ± 0.02 – -0.65 ± 0.04 -0.62 ± 0.05 -0.57 ± 0.04
Si 20 ± 3 0.10 ± 0.02 -0.17 ± 0.02 −0.02 ± 0.03 -0.14 ± 0.03 -0.09 ± 0.03 -0.13 ± 0.04
Fe 14 ± 3 0.07 ± 0.02 -0.20 ± 0.02 −0.07 ± 0.03 -0.09 ± 0.06 -0.09 ± 0.07 -0.17 ± 0.08
Mg 14 ± 3 0.07 ± 0.02 -0.10 ± 0.02 0.09 ± 0.06 -0.05 ± 0.04 -0.07 ± 0.04 -0.10 ± 0.05
Ni 10 ± 4 0.05 ± 0.02 -0.20 ± 0.02 – -0.07 ± 0.03 -0.12 ± 0.03 -0.11 ± 0.03
Ca 0 0 -0.05 ± 0.01 – 0.00 ± 0.04 0.00 ± 0.04 -0.06 ± 0.05
Al 0 0 0.00 ± 0.01 – 0.00 ± 0.02 – 0.00 ± 0.03
a [X/Al] = log((X/Al)planet/(X/Al)Sun), where (X/Al) is the abundance ratio (by number in linear) of an
element X to Al, and solar abundance refers to Asplund et al. (2009). Normalising to a refractory element
other than Al does not change our results. Following Wang et al. (2018a), we choose Al as the normalisation
element since it is the most refractory major element.
b Sources of host stellar abundances: Kepler 10: L16- (Column 2 of Table 2 of Liu et al. 2016); S15- (Row 2
of Table A.1 and Row 2 of Table A.2 in Santos et al. 2015). Kepler 20, Kepler 21 and Kepler 100: Table 3
of Schuler et al. (2015).
c Elements (X) are listed in order of decreasing devolatilisation factor.
d FD : Devolatilisation factor, which refers to Figure 1. F(D) (%) of each element is derived by
1 − (X/Al)planet/(X/Al)Sun, where (X/Al)planet/(X/Al)Sun can be read from the left-hand y-axis accord-
ing to the devolatilisation pattern. The corresponding F(D) (dex) is directly opposite to [X/Al] (=
log((X/Al)planet/(X/Al)Sun)), which can be read from the right-hand y-axis according to the devolatilisation
pattern.
e The elemental abundances of Kepler-10 (S15) planets are normalized to Fe abundance in the host star, as
no available Al abundance for Kepler-10 is reported in Santos et al. (2015). This normalisation difference
will not change the subsequent analyses of key elemental ratios including Mg/Si, Fe/Si, and C/O.
f The elemental abundances of Kepler-21 planets are normalized to Ca abundance in the host star, as no
available Al abundance for Kepler 21 is documented in Schuler et al. (2015).
the mineralogy of a terrestrial planet and place these on the
best-fitting devolatilization pattern of Wang et al. (2018a).
These 10 elements account for more than 99% of the total
mass of Earth (McDonough 2014; Wang et al. 2018b). Con-
servative estimates of these elemental abundances and the
mineralogy of rocky planets at varied orbital distances are
presented in Section 3.3. It should be noted that these points
are not observational ‘data’ but indications of the model-
based devolatilisation scales (i.e. planet-to-host abundance
ratios) of these elements versus condensation temperatures
(TC). These devolatilisation scales are also numbered in the
second and third columns of Table 1, in % (linear) and in
dex (logarithmic), respectively. The normalisation-reference
element is Al, the most refractory major element. Normalis-
ing to other refractory elements (e.g. Ca) will not affect the
analysis or results, since this normalisation will not change
the relative abundance ratio of other elements to oxygen
that is the key to determining the redox state of a planet.
It is worth noting that the TC in Figure 1 refers to 50%
condensation temperatures of Lodders (2003), except for C
and O. As discussed in Wang et al. (2018a), an effective
condensation temperature of C and O under the assump-
tion of non-equilibrium multiphase condensation is a better
indication of the volatility of the two elements, than 50%
condensation temperature of them under the assumption of
equilibrium single-phase condensation in Lodders (2003). We
use their best estimates of the effective TC for C and O: 305
K and 875 K respectively.
2.2 Chemical network of the mantle of a
terrestrial planet
In this study, the mantle of a terrestrial planet is limited
to silicate mineralogy. This limitation is appropriate for two
reasons: i) our devolatilisation algorithm that is established
for the Sun to a silicate-mantle terrestrial planet is unlikely
to be applicable for a planetary system with C/O ratio larger
than 0.8 (and thus forming carbide planets – see Bond
et al. 2010); ii) More recent studies (e.g. Fortney 2012; Nis-
sen 2013; Teske et al. 2014; Brewer & Fischer 2016) have
suggested that prior studies (e.g. Bond et al. 2010; Delgado
Mena et al. 2010; Petigura & Marcy 2011) overestimated
C/O ratios, namely carbide planets may not be as abun-
dant as previously thought.
We assume that the composition of silicate mantle
varies within the chemical system of SiO2-CaO-Na2O-MgO-
Al2O3-FeO-NiO-SO3. And it is similar to the NCFMAS
(Na2O-CaO-FeO-MgO-Al2O3-SiO2) mantle model adopted
in Dorn et al. (2015), but the oxides are reordered in the
oxidation sequence (or ease of oxidation) (Johnson & Warr
1999). NiO and SO3 are also added into the system. Due to
the strong affinity of Ni with Fe, NiO is always expected if
FeO is present in the mantle. SO3 can combine with other
oxides to form sulfate compounds (e.g. CaSO4), which are
important minerals in the silicate mantle (though not as
abundant as silicate compounds). The additions of NiO and
SO3 will also make estimates of the partition of Ni and S
into the core more accurate (see Section 2.3). Sulfide miner-
als (except for FeS) are the major host of chalcophile (sulfur-
loving) elements, but they are not taken into account in our
MNRAS 000, 1–14 (2018)
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Figure 1. Devolatilisation patterns from stellar nebulae to terrestrial exoplanets, which are drawn from the Sun-to-Earth volatility trend
(devolatilisation pattern) of Wang et al. (2018a), including the best fit (the solid line in black) and its 1σ uncertainty (the wedge in
grey), as well as the devolatilization factors indicated by the dashed arrows. Host stellar abundance is normalized to 1 in linear (or 0
in dex), shown as the solid horizontal line in brown. The x-axis is the elemental 50% condensation temperature (TC) in logarithm from
(Lodders 2003), except for TC(C) and TC(O), which are adopted from Wang et al. (2018a) (see text). The left-hand y-axis is in the
logarithmic scale for the planet (‘p’)-to-star (‘∗’) elemental abundance ratio, (X/Al)p/(X/Al)*), while the right-hand y-axis is labeled in
dex for the corresponding [X/Al] (= log((X/Al)p/(X/Al)*)). Only elements that are essential to control the mineralogy of a terrestrial
planet are indicated on this plot and then employed in our subsequent analysis.
mantle system since the abundances of all chalcophile ele-
ments (e.g. Cu, Zn, and Ag) are negligible in comparison
with the abundances of the major-rock forming elements
considered here.
With regard to a planet’s mantle temperature (T), pres-
sure (P), and oxygen fugacity ( fO2, quantifying the oxida-
tion potential of a system), the mineral host of carbon can
be either oxidised carbonate species (denoted as C4+ or CO2
in an oxidised form) (Panero & Kabbes 2008; Boulard et al.
2011) or the reduced native element (e.g. graphite/diamond)
(Walter et al. 2008; Dasgupta & Hirschmann 2010). Oxi-
dised carbon will be considered only when all major elements
listed in the chemical network of the mantle have been ox-
idised, since carbon is experimentally shown to be oxidised
later than Fe (presumably Ni as well) over the entire pressure
and temperature ranges of Earth’s mantle (Unterborn et al.
2014). We also assume that if oxygen fugacity is extremely
limited, metals like Ca, Na, Mg and Al can be present na-
tively in the reduced environment of the mantle, while Fe
and Ni will be all partitioned into the core.
2.3 Chemical network of the core of a terrestrial
planet
We assume that a terrestrial planet’s core consists of the
Fe-Ni-S alloy. Nickel is added into the core’s constituents
as it has a similar siderophile tendency as iron. Sulfur is a
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Figure 2. Distribution of [Fe/Ni] of more than 4900 FGK-type
stars within 150 pc of the Sun. The values of [Fe/Ni] and [Fe/H]
are relative to the Sun (Asplund et al. 2009), drawn from the
Hypatia Catalog (Hinkel et al. 2014). A Gaussian fit to the distri-
bution of [Fe/Ni] gives [Fe/Ni] = -0.033 ± 0.049 dex (relative to
[Fe/Ni] = 1.28 dex). The corresponding value of Fe/Ni in linear
is 17.7 (= 10−0.033+1.28) with 1σ uncertainty of ∼ 2.0. A conser-
vative value of 18 ± 4 is adopted to constrain the Fe/Ni ratio in
the core of a terrestrial exoplanet (see the main text). The yellow
point represents the Sun while the red filled pluses indicate our
case stars.
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Figure 3. Computational procedure scheme of elemental fractionation between the mantle and the core of a terrestrial planet. The
detailed descriptions of the procedure can be found in Appendix A.
leading candidate for the principal light element in the core
because it has a strong affinity for iron (Li & Fei 2014), and
indeed evidence for large-scale sulfide fractionation during
Earth’s mantle-core differentiation has been found (Savage
et al. 2015). This does not preclude the existence of other
light element candidates like silicon and oxygen in the core,
but their fractionation between the mantle and the core is
very uncertain without knowing the actual internal pressure
and temperature of such a planet (Hirose et al. 2017). There-
fore, in this study, we limit the light element in a terrestrial
planet’s core to be sulfur only. Furthermore, sulfur is capa-
ble of reducing the core’s melting temperature, density, and
surface tension (Li & Fei 2014), which may be important to
the dynamo modelling of planetary magnetic fields in further
studies.
It is important then to put constraints on the fraction-
ation of these elements between the mantle and core. The
cosmic ratio of Fe/Ni is 17.4±0.5 (by mass) as drawn from a
variety of chondrites in the solar system (McDonough 2017).
This value could vary from star to star, but the variance
should be small based on the nucleosynthesis of the two ele-
ments in stars. Indeed, by analysing the Fe/Ni ratios of more
than 4900 FGK-type stars within 150 pc of the Sun from Hy-
patia Catalog (Hinkel et al. 2014), we have found that the
number ratio of Fe/Ni is 17.7 with 1σ uncertainty of ∼ 2.0
(see Figure 2). Although their ratio in the planetary core
might not be fixed, it will deviate little from the cosmic ra-
tio considering their very similar refractory and siderophile
features (William F. McDonough, personal communication).
Indeed, a recent metal-silicate partitioning experiment has
shown the ideality of the Fe/Ni ratio at conditions similar
to Earth’s core (Huang & Badro 2018). To be conservative,
a value of 18 ± 4 (by number) is adopted to constrain the
Fe/Ni ratio in the core of a terrestrial planet. This adop-
tion is appropriate for this study as the upper limit (22) of
this value has covered the maximum value of Fe/Ni of our se-
lected planet hosts. The lower limit (14) is ∼ 1.5σ lower than
the Fe/Ni ratios of our selected cases, but it is a good as-
sumption as Fe/Ni in the core of a terrestrial planet may go
lower (not higher) than its value in the bulk planet (Ring-
wood 1986; Seifert et al. 1988; McDonough & Sun 1995;
Wang et al. 2018b).
Another constraint is the abundance range of Ni and
S that may be present in the core. The upper limits of Ni
and S in the core can be up to their abundances in the bulk
planet, referring to the scenario of the Earth: > 90% of Ni
and > 95% of S are in the Earth’s core (McDonough 2014;
Wang et al. 2018a). The lower limits can be assumed as nil,
such as in the extreme scenario that the oxygen fugacity is
too high and all metals including Fe could be fully oxidised
(then a planet with no core would result) (Elkins-Tanton &
Seager 2008). See more details in Section 2.4 and Appendix
A.
MNRAS 000, 1–14 (2018)
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2.4 Analysis
Our sample of planet host stars includes Kepler-10 (K10),
Kepler-20 (K20), Kepler-21 (K21), and Kepler-100 (K100),
each of which has been confirmed to host at least one super-
Earth (with 3-10 Earth masses), with high-precision host
stellar abundances (available for almost all ten elements in-
dicated in Figure 1 while for at least Mg, Si, Fe and O). For
K10, we have two sets of stellar elemental abundances: San-
tos et al. (2015) and Liu et al. (2016). For other selected
cases, our stellar elemental abundances are from Schuler
et al. (2015) (with a typical uncertainty of . 0.04 dex). The
selection of these case stars in this work does not exclude
the applicability of our method to other planet hosts in a
more extensive case study in the future.
Following the recommended constraint on planetary
bulk composition in Sect. 2.1, we apply the devolatilisation
pattern of Wang et al. (2018a) to the elemental abundances
of the planet hosts of our sample. This leads to the first-order
estimates of bulk elemental composition of potential rocky
exoplanets that could be within the habitable zone around
these host stars (see Table 1). For brevity and convenience,
we call such an exoplanet ‘exo-Earth’ (or ‘exoE’ when it is
preceded by the name of its host star). However, this term
means nothing about the similarity of such a planet to the
Earth, except for the connotation that this planet is derived
from its host star based on the equivalent devolatilisation
scale from the solar nebula to the Earth (the limitations of
this assumption are discussed in Section 4.3). The uncertain-
ties on the bulk compositions of these exo-Earths in Table
1 are propagated from the 1σ uncertainty of the devolatili-
sation pattern of Wang et al. (2018a) and the uncertainties
associated with the elemental abundances of the correspond-
ing planet hosts.
We analyse the key elemental ratios (e.g. Mg/Si, Fe/Si,
and C/O) that modulate the primary mineralogy of a ter-
restrial planet. Mg/Si influences the rock types of a silicate
mantle. A higher Mg/Si indicates a more olivine-dominated
mantle, otherwise a more pyroxene-dominated one. Pyrox-
ene can accommodate more water than olivine, and pyroxen-
ites have higher capacity to hold water. Fe/Si may approx-
imate the zeroth-order core mass fraction of a planet, upon
the oxidation state of the planet. C/O is critical to determine
the oxygen fugacity and thus the oxidation state of a planet.
The errors in these key elemental ratios are calculated us-
ing a Monte Carlo approach by drawing 2 × 104 values of
the estimated planetary bulk composition for each element
following a Gaussian distribution around the uncertainties.
Based on the recommended chemical networks for the
mantle and core of a terrestrial planet in Sects. 2.2 and 2.3,
the elemental fractionation between the mantle and the core
is performed using the stoichiometric balance between the
budget of oxygen atoms in the bulk planet and the abun-
dances of oxides/compounds to be considered for the planet.
The computational procedure is summarised in Figure 3,
while a detailed description can be found in Appendix A.
As a verification for this set of computations, we ap-
ply this procedure to the proto-Sun (Wang et al. 2018a).
The predicted planetary interior compositions of the model
Earth in Table 2 are consistent (within uncertainties) with
the independent estimates of the composition of the pyro-
lite silicate Earth (McDonough & Sun 1995), the compo-
Table 2. Comparison of the estimates of the interior compositions
of the model Earth (as devolatilised from the proto-Suna) with
other independent estimates
Quantity Model Earth McDonough & Sun (1995)
M
a
n
tl
e
SiO2 50.3 ± 4.7 45.0
CaO 3.60 ± 0.34 3.55
Na2O 0.44 ± 0.04 0.36
MgO 38.0 ± 6.2 37.8
Al2O3 4.40 ± 0.40 4.45
FeO 1.87+7.14−1.87 8.05
NiO 0.40+0.45−0.40 0.25
SO3 0.67 ± 0.62 –
CO2 – –
Graphite 0.39 ± 0.07 –
Metals – –
Extra O – –
McDonough (2014)b
C
o
re
Fe 93.28 ± 1.23 92.33
Ni 5.22 ± 0.63 5.62
S 1.50 ± 1.05 2.05
Core mass
fraction (wt%
planet)
31.3 ± 5.3 32.5 ± 0.3 c
a The protosolar abundances are from Wang et al. (2018a).
b Mass fractions of the three elements in the core of Mc-
Donough (2014) have been renormalised under the assumption
of only the three elements present in the core as practiced in
this study.
c Refers to Wang et al. (2018b), in which the core mass frac-
tion is integrated from Earth’s radial density profiles.
sition of Earth’s core (McDonough 2014), as well as the
seismologically-constrained core mass fraction (Wang et al.
2018b).
3 RESULTS
3.1 Estimates of key elemental ratios
In Figure 4, we compare the key elemental ratios between
the host Kepler-10 and its potential exo-Earth, by using two
sets of host stellar abundances: one is with a typical uncer-
tainty of & 0.06 dex (Santos et al. 2015) and the other is
with a typical uncertainty of . 0.02 dex (Liu et al. 2016).
The planetary elemental ratios are derived from the “de-
volatilised” host stellar abundances – i.e. the predicted plan-
etary bulk composition listed in Table 1. With the more pre-
cise host stellar abundances, the planetary elemental ratios
for Mg/Si, Fe/Si, and C/O are all significantly different from
the corresponding host stellar elemental ratios. Namely, they
do not overlap within their uncertainties. Whereas, these sig-
nificant differences are substantially dismissed with the less
precise host stellar abundances, except for C/O (it differ-
ence is up to 1.7 dex, i.e., a factor of ∼ 50). This is the first
attempt (based on theoretical models) to compare the key
elemental ratio differences between a terrestrial exoplanet
and its host star, rather than those differences of an extra-
solar star from the Sun as usually done in the literature
(e.g. Bond et al. 2010; Santos et al. 2015; Brewer & Fischer
MNRAS 000, 1–14 (2018)
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Figure 4. In the case of Kepler-10, the comparison of key elemental ratios ([Mg/Si], [Fe/Si], and [C/O], in dex) between the host star
and its potential exo-Earth. This comparison includes two sets of host stellar abundances: Santos et al. (2015) (labeled as “K10 (S15)”)
and Liu et al. (2016) (labeled as “K10 (L16)”), and their corresponding exo-Earths are potted as smaller black dots, labeled as “K10
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2016). Nonetheless, in order to distinguish two unique ter-
restrial exoplanets (orbiting different stars), high-precision
host stellar abundances are required, as concluded in Hinkel
& Unterborn (2018) as well. In our subsequent modelling
of planetary interiors, the less-precise Kepler-10 abundance
estimates (also available for fewer elements) of Santos et al.
(2015) are therefore no longer used.
We also compute the key elemental ratios for poten-
tial exo-Earths orbiting the other three planet hosts (e.g.
Kepler-20, Kepler-21, and Kepler-100), based on the “de-
volatilised”host stellar abundances listed in Table 1. The key
elemental ratios of these exo-Earths are plotted in Figure 5.
When considering the deviations of these exoplanetary key
elemental ratios (including the uncertainties) from Earth’s,
K21-exoE is overall the most Earth-like while K10-exoE is
the least. If only based on Mg/Si (i.e. modulating the rock
types of a silicate mantle), K100-exoE and K21-exoE are
more Earth-like than K10-exoE and K20-exoE. These simi-
larities will be refined in further by the following modelling
of planetary interiors.
3.2 Estimates of planetary interiors
Based on the recommended chemical networks of the mantle
and core of a terrestrial planet, we estimate the mantle and
core composition as well as the core mass fraction for these
potential exo-Earths. These estimates are listed in Table 3.
We also extract the information of the major components
(SiO2, MgO, and FeO) in the mantle and of the core mass
fraction, and then compare them in Figure 6. It should be
noted that the mantle composition in the ternary diagram of
Figure 6 has been renormalized by ignoring all minor com-
ponents and assuming SiO2 + MgO + FeO = 100 wt%.
From Table 3 and Figure 6, we can further identify that
K21-exoE is the most Earth-like, in terms of all interior pa-
rameters we have modeled, including the mantle composi-
tion, core composition and core mass fraction. This similar-
ity has been implied by the analyses of key elemental ratios
above, but it is more conclusive and obvious here. In partic-
ular, according to the normalized mantle composition in the
ternary diagram of Figure 6, K20-exoE has the highest SiO2
(66.4 ± 4.3 wt%) and the lowest MgO (33.6 ± 4.7 wt%). The
mantle rocks of K20-exoE therefore will be more enriched
in pyroxene (MgSiO3) compared to other planet cases stud-
ied here (including the Earth). In contrast, K10-exoE has
the lowest SiO2 (33.4 ± 2.9 wt%) and the equivalent MgO
(32.2 ± 2.8 wt%), and thus its mantle rocks will potentially
be more forsterite (Mg2SiO4) enriched than the others. For
K21-exoE and K100-exoE, there is an overlap of their man-
tle compositions with that of the Earth as shown in the
ternary diagram, so they would have similar mantle rocks
as the Earth’s. However, as shown in the bar diagram of
core mass fractions (Figure 6b), K100-exoE has a relatively
smaller core (in terms of core mass fraction) than K21-exoE
and the Earth, and the latter two are comparable. This can
be explained by the differences of planetary bulk composi-
tions (Table 1), in which the mean of Fe abundance of K100-
exoE (−0.17±0.08 dex) is ∼ 1σ lower than that of K21-exoE
(−0.09 ± 0.07 dex) and that of the Earth (−0.07 ± 0.02 dex)
while their abundances of other major elements including O,
Mg, and Si are similar.
In addition, FeO is the most enriched in the mantle of
K10-exoE (while it is the least (nil) in the mantle of K20-
exoE). Namely, in comparison with other planet cases stud-
ied here, the differentiation of iron into the core of K10-exoE
is the least efficient, thus leading to the smallest core (0–6.4
wt%) among the studied cases. The reason is present in its
distinct host stellar abundances. Comparing with other se-
lected planet hosts, Fe abundance in Kepler 10 (refering to
Liu et al. 2016) is about 1–3σ lower while its O abundance
relative to Mg and Si (i.e. O - Mg - 2Si, in dex) is 1–5σ
higher. As a consequence, almost all Fe in Kepler 10 is oxi-
dised, and only a tiny amount of metallic Fe sinks into the
core, thus leading to the substantially smaller core mass frac-
tion in K10-exoE as modelled. This reveals the importance of
the trade-off between oxygen and other major rock-forming
elements to the exoplanetary interior modelling.
3.3 Conservative estimates
We also apply the upper and lower limits of the 3σ error
bar of the best-fitting devolatilisation pattern of Wang et al.
(2018a) to the respective upper and lower limits of the host
stellar elemental abundances. It should be noted that the
3σ is conveniently amplified over the uncertainty associated
with the coefficients of the pattern; thus, the resultant 3σ
range is more conservative than a range constrained by a 3σ
chi-square fit. The resultant conservative estimates – “less
depleted”and “more depleted”– are listed in Table 4.
Though the volatile gradient of a planetary system ver-
sus the distance to its central star is still controversial (Mor-
gan & Anders 1980; Palme 2000; Wang & Lineweaver 2016;
Jin & Mordasini 2018), the dichotomy of planets from ‘rocky’
to ‘gas/icy’ or from ‘warm’ to ‘cold’ would be expected from
the inward to outward in a planetary system (if those plan-
ets exist around the central star). Therefore, the “less de-
pleted”case might assemble the interior properties of ‘cold’
rocky bodies (e.g. asteroids) beyond the outer edge of the
habitable zone but within the snowline of a planetary sys-
tem. In contrast, the “more depleted”case might be a better
proxy for the interior properties of ‘warm’ rocky planets,
such as the known planets Kepler-10b, Kepler-20b, Kepler-
21b, and Kepler-100b, which are closer to their host stars.
4 DISCUSSION
4.1 Comparison with previous studies
The diversity of planetary interiors should be expected. Nei-
ther our conservative estimates in Table 4 nor the estimates
for habitable zone terrestrial exoplanets in Table 3 should be
taken as an explicit interpretation of the interiors of any ex-
isting planet orbiting these studied host stars, but only the
plausible ranges constrained by different scenarios as demon-
strated in the paper. The previous studies (e.g. Santos et al.
2015; Weiss et al. 2016; Brugger et al. 2017) usually state
that their analyses are for an explicit planet around a parent
star but this statement should be taken with caution. For ex-
ample, the core mass fraction (wt%) of Kepler-10b has been
previously estimated to be 27.5 ± 1.7 (Santos et al. 2015),
17 ± 11 (Weiss et al. 2016), and 10-33 (Brugger et al. 2017),
which seem to approximate our “more depleted”case (30) for
a ‘warm’ rocky planet orbiting Kepler 10. Whereas, those
MNRAS 000, 1–14 (2018)
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Table 3. Estimates of the mantle and core composition as well as core mass fraction of potential habitable-zone terrestrial exoplanets
(i.e. exo-Earths) orbiting the studied host stars: Kepler-10 (K10), Kepler-20 (K20), Kepler-21 (K21), Kepler-100 (K100).
Quantity Potential habitable-zone terrestrial exoplanets (i.e. exo-Earths)a Pyrolite Silicate Earth
(molar wt%) K10-exoE K20-exoE K21-exoE K100-exoE McDonough & Sun (1995)
M
a
n
tl
e
SiO2 30.3 ± 2.6 50.7 ± 3.3 49.9 ± 4.9 40.5 ± 4.4 45.0
CaO 2.50 ± 0.22 4.39 ± 0.34 3.85 ± 0.38 2.98 ± 0.36 3.55
Na2O 0.23 ± 0.02 0.43 ± 0.03 0.41 ± 0.04 0.41 ± 0.05 0.36
MgO 29.2 ± 2.4 25.7 ± 3.6 43.3 ± 3.9 36.0 ± 4.0 37.8
Al2O3 3.28 ± 0.31 – – 4.01 ± 0.47 4.45
FeO 31.3 ± 5.1 – 1.53+8.351.53 13.9 ± 7.9 8.05
NiO 1.71 ± 0.34 – 0.15+0.40−0.15 0.95 ± 0.51 0.25
SO3 1.25 ± 0.46 – 0.50 ± 0.48 0.90 ± 0.51 –
CO2 – – – – –
Graphite 0.28 ± 0.05 0.38 ± 0.05 0.42 ± 0.06 0.30 ± 0.07 –
Metals – 18.4 ± 10.7 – – –
McDonough (2014)b
C
o
re
Fe 85.7 ± 5.0 94.5 ± 0.6 94.1 ± 1.3 92.9 ± 1.9 92.33
Ni 5.25 ± 0.73 5.49 ± 0.63 4.76 ± 0.65 5.69 ± 0.68 5.62
S 9.07 ± 5.24 – 1.16 ± 1.14 1.40+1.83−1.40 2.05
Core mass
fraction (wt%
planet)
1.4+5.0−1.4 35.3 ± 5.1 31.9 ± 5.9 19.6 ± 6.3 32.5 ± 0.3 c
a Bulk elemental compositions of these exo-Earths are from Table 1.
b Mass fractions of the three elements in the core of McDonough (2014) have been renormalised
under the assumption of only the three elements in the core.
c Refers to Wang et al. (2018b), in which the core mass fraction is integrated from Earth’s radial
density profiles.
Table 4. Conservative estimates of the mantle and core composition as well as core mass fraction of any rocky exoplanet orbiting the
studied host stars
Quantity Less depleteda More depletedb
(molar wt%) K10 K20 K21 K100 K10 K20 K21 K100
M
a
n
tl
e
SiO2 23.3 26.4 25.3 24.0 51.0 47.5 61.0 59.1
CaO 1.68 2.06 1.76 1.56 4.96 – – 5.09
Na2O 0.25 0.32 0.31 0.34 0.27 – – 0.41
MgO 22.4 27.6 22.5 21.4 26.5 – – 0.55
Al2O3 2.17 2.31 – 2.00 – – – –
FeO 25.1 37.2 32.5 27.5 – – – –
NiO 1.33 1.90 1.48 1.51 – – – –
SO3 2.69 – 2.25 2.40 – – – –
CO2 4.90 1.07 5.02 4.35 – – – –
Graphite – 1.01 – – 0.08 0.07 0.08 0.07
Metals – – – – 17.2 52.4 38.9 34.8
Extra O 16.2 – 8.90 14.9 – – – –
C
o
re
Fe – – – – 93.8 94.0 93.9 92.5
Ni – – – – 5.28 6.05 5.39 6.68
S – – – – 0.92 – 0.69 0.86
Core mass
fraction (wt%
planet)
0 0 0 0 31.7 38.3 36.1 32.8
a Applying the upper bound of 3σ uncertainty of the Sun-to-Earth devolatilisation
pattern to the upper limits of host stellar abundances.
b Applying the lower bound of 3σ uncertainty of the Sun-to-Earth devolatilisation
pattern to the lower limits of host stellar abundances.
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previous estimates are achieved by fixing all Fe into the core
(Santos et al. 2015) or relying on Mg# (= Mg/(Mg + Fe))
(Weiss et al. 2016; Brugger et al. 2017), without considering
oxygen fugacity/budget that controls the oxidation state of
a planet. If one generalises those fixed assumptions to po-
tential rocky planets at different distances to the same star,
the same chemistry and interior structure for these plan-
ets would result. Although taking into account planetary
mass and radius, the modelling results could be more spe-
cific to such planets, but the results would still be degenerate
to the degree to which oxygen fugacity/budget would vary
in the disc. When targeting a potentially habitable planet
for further characterisation with future missions, we should
particularly be cautious with this kind of ‘explicit’ claims,
which may only assemble one scenario of possible interior
properties of rocky exoplanets orbiting at different distances
to their host stars. The depletion of oxygen in Kepler-10
planets relative to the host star is not considered in Dorn
et al. (2017a), but they assume Fe/Simantle = [0, Fe/Sistar]
(uniform distribution), implicitly resulting in varied differ-
entiation of Fe into the core, which somehow assembles the
consideration of oxygen fugacity/budget in determining the
fractionation of Fe between the mantle and core.
Complex mineral compounds (e.g. (Mg,Fe)SiO3,
(Mg,Fe)2SiO4) have been presumed to be present in the
mantle rocks of super-Earths in the studies of Santos
et al. (2015), Weiss et al. (2016), Brugger et al. (2017),
and Hinkel & Unterborn (2018). However, for exoplanets
that are larger than Earth, their mineralogies may not
be sensibly interpretable in using the Equation-of-State
(EoS) parameters measured with respect to the pressure
and temperature regime of the Earth (Mazevet et al.
2015). Therefore, we have chosen to use first-order mineral
forms (i.e. oxides) for our modelling of mantle and core
compositions. To first order, the planetary chemistry does
not change, just the mineralogy. This practice is also in line
with Dorn et al. (2015, 2017a,b). When we have the obser-
vational information of atmospheric thickness/composition
of a terrestrial exoplanets at the era of JWST, we will
know better the plausible pressure range associated with
the solid regime of such a planet. With the further progress
of ultrahigh pressure and temperature experiments of the
physical state and properties of minerals, we can be more
confident in our modelling of more complex exoplanetary
mineralogies.
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4.2 Requirement on the precisions of host stellar
abundances
Hinkel & Unterborn (2018) modelled the mineralogy for fic-
tive planets around the 10 stars closest to the Sun and con-
cluded that abundance uncertainties need to be on the or-
der of [Fe/H] < 0.02 dex, [Si/H] < 0.01 dex, [Al/H] < 0.002
dex, [Mg/H] and [Ca/H] < 0.001 dex, in order to distin-
guish different planetary populations orbiting their sample
of 10 stars. Based on our modelling results above, we have
demonstrated that the interior composition and structure
of those potential terrestrial exoplanets as studied can be
distinguished from each other, by using the current, high-
precision host stellar abundances (with a typical uncertainty
of . 0.04 dex). This is a much less strict requirement on
the precisions of host stellar abundances. It is legitimate to
strive for much more precise stellar abundances (as well as
planetary mass and radius measurements) and thus to im-
prove the interior modelling accuracy. However, we should
also be realistic, since precisions of host stellar abundances
depend not only on modelling techniques but also on char-
acteristics of target stars and observation exposure time. A
careful weighing of costs and benefits is crucial for the suc-
cess of a space mission – as noted in Dorn et al. (2015) –
like TESS/JWST and follow-up observations. Improving the
exoplanetary interior modelling approaches may be an alter-
native and more sensible way to achieve better characteri-
sation of planetary chemistry and structures in the coming
decade.
4.3 Limitations
The success of a theoretical model is subject to the limita-
tions of premises/assumptions. Firstly, as mentioned earlier,
our model is limited by how representative the Sun-to-Earth
devolatilization pattern is for terrestrial planets in general.
If we had a more exhaustive devolatilization model built on
the comprehensive comparisons of the compositions of all
inner solar system rocky bodies, gas giants, and icy bodies
(including a variety of comets), we would have more ac-
curate modelling results for exoplanetary chemistry. How-
ever, it is unclear to what extent the appearance of super-
Earths in the proximity of their host stars (radically different
to the scenario of the Solar System) would change the de-
volatilisation process and thus the bulk compositions of their
planet companions in the circumstellar habitable zone. We
have just scratched the surface of considering devolatilisa-
tion in modelling exoplanetary chemistry and interiors, and
this issue remains degenerate. Secondly, our approach to ox-
idise elements by following a sequence of oxidation might be
worth revisiting if the oxidation of elements is done in par-
allel (simultaneously), not in sequence. In the parallel case,
all rock-forming elements would compete to be oxidised to
some extent. It is unclear how significant the end-member
oxides resulting from this competition would be in compari-
son with those resulting from an assumed sequence. Thirdly,
our modelling results are also limited to the current dimen-
sionality of the model, namely, two-component overall struc-
ture (an iron alloy core and a silicate mantle), with no water
layer (or oceans) or gas layer (or H/He envelopes) considered
yet. With the upcoming addition of planetary atmosphere
observations, we are expecting to expand the dimensional-
ity of our model to be inclusive of water/gas reservoirs in
a terrestrial exoplanet by taking into account important at-
mospheric information, pressure and temperature associated
with the actual size of the solid regime of a planetary body.
Nevertheless, we envisage that if a terrestrial planet is
confirmed in the habitable zone around the host stars stud-
ied here, our modelling results of the mantle and core com-
positions as well as core mass fractions listed in Table 3
are good first-order estimates of the interior composition
and structure of that planet. We also emphasize that the
purpose of this work is to set more appropriate initial con-
ditions for modelling exoplanetary interiors, especially with
the addition of a “devolatilisation”process into the host stel-
lar abundances. These enhanced constraints can be poten-
tially transferable to some recent models (e.g. Dorn et al.
2017a,b; Brugger et al. 2017; Unterborn et al. 2018) and
thus enhance the model performance. Additional data (e.g.,
atmospheric information and applicable EoS parameters for
all considered compositions) are required for further stud-
ies to decipher the detailed interior structure and chemistry,
surface conditions and thus habitability of such terrestrial
exoplanets.
5 SUMMARY AND CONCLUSIONS
Devolatilisation (i.e. depletion of volatiles) plays an essential
role in the formation of rocky planetary bodies from a stellar
nebular disc (Bland et al. 2005; Norris & Wood 2017). The
terrestrial devolatilisation pattern of Wang et al. (2018a)
has been applied in this study to infer the bulk elemental
composition of potential terrestrial exoplanets that are pre-
sumed to exist within the circumstellar habitable zones. The
inferred planetary bulk composition (rather than the host
stellar abundances) provides improved principal constraints
to model the interior composition and structure of such plan-
ets. Other recommended constraints include i) the mantle
chemical network (SiO2-CaO-Na2O-MgO-Al2O3-FeO-NiO-
SO3, in order of the ease of oxidation); ii) the core chemical
network (Fe-Ni-S alloy, Fe/Ni constrained at 18 ± 4 by num-
ber).
By applying these constraints to the Sun, we show that
the mantle and core compositions of our model Earth are
supported by the independent measurements/estimates for
the planet Earth in the literature. By applying our mod-
elling approach to selected planet hosts (Kepler-10, Kepler-
20, Kepler-21 and Kepler-100), we find that the interior com-
positions and structures of potential terrestrial exoplanets in
the habitable zones around these stars are diverse. For ex-
ample, the estimates of core mass fraction range from about
1.5 wt% (K10-exoE) to about 35 wt% (K20-exoE). This di-
versity can be explained from the differences in their host
stellar abundances. With respect to the interior estimates
(i.e. mantle and core compositions as well as core mass frac-
tion), we conclude that a potential terrestrial planet orbiting
Kepler-21 would be the most Earth-like while one orbiting
Kepler-10 would be the least (among the cases we studied).
High-precision host stellar abundances are critical for exo-
planetary interior modelling. A precision better than ∼ 0.04
dex is necessary to assess the similarity of exoplanetary in-
teriors to the Earth’s, based on our modelling approach.
In summary, for more accurate estimates of interior
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composition and structure of terrestrial exoplanets, it is es-
sential to enhance the initial conditions pertinent to plane-
tary bulk composition and interior chemical models, in ad-
dition to the increasingly higher-precision measurements of
host stellar photosphere and planetary mass and radius,
alongside with the progressive observations of planetary at-
mospheres, in the era of TESS, PLATO and JWST.
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APPENDIX A: COMPUTATIONAL DETAILS
OF ELEMENTAL FRACTIONATION BETWEEN
THE MANTLE AND THE CORE
The elemental fractionation is based on the recommended
chemical networks for the mantle and core of a terrestrial
planet in Sects. 2.2 and 2.3. The computational procedure
illustrated in Figure 3 (with the source codes available on
https://github.com/astro-seanwhy/ExoInt) is described
in detail in the following.
First, oxidise Si, Ca, Na, Mg, and Al (in order of the de-
creasing ease of oxidation addressed in Section 2.3) to form
oxides: SiO2, CaO, Na2O, MgO, and Al2O3, respectively.
For each element, assess the sufficiency of O atoms: i) if
the budget of (remaining) O atoms is not stoichiometrically
sufficient to fully oxidise the element, then the non-oxidised
part of the element’s atoms and the atoms of the subsequent
elements (up to Al) will be deemed as “metals” in the man-
tle; ii) otherwise (namely, all atoms of an element can be
fully oxidised), the oxidation process will be performed on
the subsequent elements one by one (up to Al), unless the
remaining O atoms have been exhausted.
Second, fractionate Fe, Ni, and S between the mantle
and the core, for two scenarios:
i) If the remaining O atoms (after having oxidised Si,
Ca, Na, Mg, and Al) are still stoichiometrically sufficient to
fully oxidise Fe, Ni, and S into the form of FeO, NiO, and
SO3, then there will be no Fe, Ni, or S fractionated into the
core, and a coreless planet will form. The left over oxygen
atoms may oxidise the stoichiometric amount of C atoms to
form CO2 in the phase of carbonates, then the remaining
C atoms are present in the phase of graphite in the mantle.
However, if the number of the left over oxygen atoms is more
than that of C atoms, all C atoms will be oxidised to form
CO2 and the extra O is assumed to be present in the mantle
to oxidise other minor elements that are not investigated in
this work.
ii) Complementarily, if the remaining O atoms are not
stoichiometrically sufficient to fully oxidise Fe, Ni, and S,
then the atoms of the three elements will be fractionated
between the mantle and the core, and all C atoms will be
present in the phase of graphite in the mantle. The upper
limits of atomic abundances of Ni and S in the phase of
NiO and SO3 in the mantle are assumed to be equal to
their respective planetary bulk abundances (after being de-
volatilised from the host stellar abundance). Their lower lim-
its are assumed to be 0. Assume the abundances of Ni and S
in the mantle can be any value within their respective upper
and lower limits, following a uniform distribution (denoted
as ‘u’):
NNi, mantle = [0, NNi, bulk]u (A1)
NS, mantle = [0, NS, bulk]u (A2)
The abundance of Fe in the phase of FeO (present in
the mantle) can then be computed by
NFe, mantle = NO, remain − NNi, mantle − 3NS, mantle (A3)
where, NO, remain is the remaining amount of O atoms after
Si, Ca, Na, Mg, and Al have been oxidised.
Then, the corresponding abundances of Fe, Ni and S
in the core can be obtained by deducting the abundance of
them from the respective abundances of them in the bulk
planet. Namely,
NNi, core = NNi, bulk − NNi, mantle (A4)
NS, core = NFe, bulk − NS, mantle (A5)
NFe, core = NFe, bulk − NFe, mantle (A6)
On the basis, we use the constraint Fe/Ni = 18 ± 4 in
the core (as addressed in Sect. 2.3) to verify the series of
Fe/Ni ratios as computed from each pair of Ni and S drawn
from their respective uniform distributions (here, we draw
105 times). Only computations matching this constraint are
deemed as valid estimates.
Then in combination with the atomic masses, these
mantle and core abundances (by number) can be converted
to the molar masses. The core (molar) mass fraction is the
total molar mass in the core divided by the sum of the total
molar masses in both the mantle and the core.
The process above is iterated for each combination of
planetary elemental abundances, by 2×104 Monte Carlo sim-
ulations assuming that each element’s abundance (within
its uncertainty) follows a Gaussian distribution. The results
corresponding to the best fit of the pattern and the mean of
each input elemental abundance are reported as the mean
values of the modelling results (i.e. mantle composition, core
composition, and core mass fraction) in Tables 2 and 3. The
error bar associated with a mean value corresponds to the
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standard deviation of the population of the modelling results
for that quantity. The distribution of the modelling results
for FeO, NiO, and SO3 in the mantle and Fe, Ni, and S in the
core as well as the core mass fraction may be asymmetric
around their corresponding mean values. In this case, the
standard deviation of the population of the modelling re-
sults for such a quantity is not an accurate but conservative
estimate for the uncertainty on the mean value of the quan-
tity. If the standard deviation may cause the lower limit of
the quantity to be negative, then the lower limit is set to be
zero. As such, the error bars of some quantities in Tables 2
and 3 are asymmetric.
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